The influence of phase transformation-induced plastic deformation in Pd|H system on the electrode surface was investigated. Since the Pd surface is subject of severe plastic deformation during this process, the structure and roughness of the electrode surface significantly changes. Quantitative analysis of the electrode surfaces for comparative study of such changes is a valuable tool to inspect the plastic deformation induced. Fractal dimension can be used as a quantitative measure for this purpose. Since inappropriate methods may lead to significant errors, an appropriate approach was proposed for the determination of fractal dimensions in such systems. It was demonstrated that the surface roughness generated is mainly due to the plastic deformation induced, not the other side processes. The methodology is of general interest for the investigation of plastic deformations. The methodology is of general interest for the investigation of plastic deformations, and also other solid-state structural changes.
Introduction
Adsorption of hydrogen on palladium is different of that on other metals, since it is accompanied by the Penetration reaction. This means that the adsorbed hydrogen atoms penetrate the Pd surface layer and moves into an internal bulk site [1] . Thus, Pd|H system has achieved a particular attention, because palladium is able to store a huge amount of hydrogen [2] . Hydrogen injection into and subsequent extraction from a Pd electrode is accompanied by phase transformations between -PdH and -PdH [3, 4] . Such phase transformation results in severe plastic deformation of the Pd electrode. As a result, the structure and roughness of the Pd surface significantly changes. Investigating such surface changes is of interest from both fundamental and applied points of view. It is of interest from solid-state physics point of view to understand the plastic deformation induced [5] , and also for applied purposes, since such surface changes significantly affect electrochemical behavior of Pd electrode [6] .
Pyun and his co-workers [7] have recently used fractal geometry for the investigation of such plastic deformation induced to Pd electrode. This is indeed a brilliant approach for this purpose. However, this needs some clarification of the methodology and modification of the approach to generalize it for vast applications. Upon this action, this method can be generally used to monitor solid-state structural changes, not only plastic deformation.
In a previous paper [8] , it has been shown that electrochemical methods can be used for fractal analysis of almost all classes of materials in solid-state physics. In the present paper, it is aimed to show the powerfulness of electrochemical methods to inspect solid-state structural changes of solids via fractal analysis. To this aim, plastic deformation of Pd was chosen as a typical example, since it is well-known in both electrochemistry and solid-state physics. For sake of clarity, this typical case is discussed throughout the present study, and the results can be simply extended to other similar cases in solid-state physics.
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Experimental
For the sake of similarity of the experimental results, the experiments were performed in accordance with the procedure reported in [7] . Briefly, different amounts of hydrogen were injected into Pd electrodes by applying a constant current of 13.5 mA cm -2 for various times under galvanostatic condition in a solution of 0.1 M NaOH. Then, all Pd electrodes were discharged to extract the whole hydrogen injected. This process was carried out potentiostatically by jumping the electrode potential from 0.5 to 0.9 V vs. SCE. Similar to [7] , four different Pd electrodes were prepared by injection of various amounts of hydrogen during the preliminary charging process, as the galvanostatic current applied for different times: 0, 0.9, 1.8 and 2.7 ks (10 3 s). Thus, different Pd electrodes approximately with the pre-charged states of PdH 0 , PdH 0.23 , PdH 0.46 and PdH 0.6 were obtained. Note that these are just symbols employed to distinguish them, and indeed all of them were discharged to the state of Pd. The PdH 0 is a Pd electrode without any plastic deformation, and PdH 0.6 is considered as a Pd electrode with severe plastic deformation.
For the fractal analysis of the Pd electrodes, they were covered by Au masks. The ideal masking is the deposition of monolayer of Au, but a little more charge was used to assure about the completeness of masking. The thickness of the gold mask was about 2 nm. Therefore, the Au-masked Pd electrode can be considered as conventional electrodes, and their fractal dimensions were determined using sufficiently fast redox of Fe(CN) 6 3-/Fe(CN) 6 4-at gold surface. The electrolyte was an aqueous solution of 3 M NaCl and 15 mM K 4 Fe(CN) 6 and 15 mM K 3 (CN) 6 . The experimental details can be found in the previous papers [9] [10] [11] .
R e v i e w C o p y 4
It should be taken into account that process of plastic deformation is not important in this study. Indeed, plastic deformations were generated electrochemically, since it is a simple method for this purpose; however, any other processes can be used to generate plastic deformations. In other words, terminology of Pd electrode does not restrict the method to electrochemical systems, and any Ph specimen can be analyzed to inspect the plastic deformation.
Results and discussion
The problems of conventional method for fractal analysis
It is known that the reason for the appearance of such plastic deformations is phase transformation of -PdH to -PdH, and thus this issue will be disregarded here. In addition, it has been reported that the fraction of -PdH is responsible for the strength of the plastic deformation, and more injected hydrogen in the charging process results in higher fraction of -PdH. Thus, the four electrodes viz. PdH 0 , PdH 0.23 , PdH 0.46 and PdH 0.6 can be considered as samples with different strengths of plastic deformation induced. In other words, regardless of the electrochemical procedure inducing such plastic deformations, these samples will be used throughout this study to investigate the degree (strength) of plastic deformation.
Pyun and his co-workers [7] have used conventional fractal analysis of electrode surfaces based on electrochemical methods to measure the fractal dimensions of the Pd electrodes (with different strengths of plastic deformation) varying from 1.97 to 2.09. There are two problems for the results reported in [7] . (i) The values of the fractal dimensions estimated are significantly lower than the real ones, as it is expected to be significantly higher than 2 (since they are rough surfaces), e.g., from 2.2 to 2.5. three, which are not applicable for comparative study due to the lack of geometrical meaning.
It is known that Pd surface has significant roughness in microscopic scale, which this roughness strongly increases when the Pd is subject of electrochemical treatment. Thus, it is believed that the fractal dimension of the first Pd electrode should be higher than 2, e.g. 2.2.
On the other hand, the PdH 0 electrode was subject of no plastic deformation, and the PdH 0.6 subject of severe plastic deformation. Only a 0.13 increase in the fractal dimensions as a result of such severe plastic deformation is not acceptable.
The authors of [7] have claimed that the reason for such low values of D f could be attributed to the formation of PdO, which is not electrochemically active and does not participate in the electrochemical reaction to monitor the fractal dimension. This is an acceptable assumption, since the process of "diffusion towards electrode surface" just senses a part of the electrode surface which is electrochemically active. This means that a part of the electrode surface, which is electrochemically inactive, is missed. Unfortunately, this is an important part of the electrode surface, which is missed. If only a part of the Pd surface was subject of oxidation to form PdO, this part should probably be the deformed part which is sensitive to participate in an electrochemical reaction.
There is another problem regarding the reliability of conventional electrochemical methods for the fractal analysis of the system under investigation. Since, the fractal dimension is calculated from the electrical signals received from the electrode, it is very important to avoid side-processes to obtain accurate data. First, plastic deformation due to phase transformation is slightly different of simple roughening of electrode surfaces. This process can be accompanied by the formation of interfacial defects, which have significant effect on electrochemical reactions. On the other hand, in conventional method employed in [7] , the 
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Fractal analysis by gold-masking approach
Now, it is appropriate to propose an alternative approach instead of the conventional method of the Fe(CN) 6 3-/Fe(CN) 6 4-redox couple at the original electrode surface. In a series of papers [9] [10] [11] 14] , we have shown that gold masking of the electrode surface and then estimating the fractal dimension of the Au-covered electrode is an efficient and reliable approach for the determination of the fractal dimensions of electrode surfaces. This approach was successfully employed to monitor fractal structure of different surfaces for comparative studies in different systems: electroactive materials (to investigate cycling and aging effects) [9] , alloys (to inspect corrosion) [10] , non-conducting materials such as teeth (to monitor dental decay) [1`], and even liquid | liquid interfaces [14] . For an original Pd electrode, all parts of the electrode surface do not participate in the electrochemical reaction; thus, fractal analysis of the electrode surface is just restricted to its electroactive part. By gold-masking approach, the electrode surface becomes uniformly electroactive in all parts.
One may think about two possible problems associated with gold-masking approach: (i) covering some fractalities of the original surface, and (ii) formation of Au own roughness.
Fortunately, these problems are not important. It is well known that fractal objects have not fractality in all length scales [15] . Gold masking may just cover roughness of the original surface in very very small scale in comparison with the size of Au atom. On the other hand, ideal monolayer gold deposition may be accompanied by the formation of Au own roughness in the same scale (i.e., just atomic inhomogeneities). This is the reason for recommending monolayer gold-masking; though, gold masking with only a few layers thickness has not
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Elsevier R e v i e w C o p y 7 significant deviation from this assumption. In any case, regardless of the surface fractality scale, electrochemical methods based on "diffusion toward electrode surfaces" are useful for monitoring of fractality at length scales larger than one micron, and at the best conditions, just able to sense the distances higher than 100 nm. Thus, both the original surface irregularities covered during gold masking and the atomic inhomogeneities of the Au mask are not sensed by the diffusing species, and have no significant effect on the fractality monitored.
Since the diffusing species can sense the electrode surface structure, electrochemical methods can be used for the determinations of the electrode surfaces. Two reliable methods are scan rate dependency of the peak current and time dependency of the current in cyclic voltammetry and chronoamperometry, respectively. It is known that the diffusion-limited current in chronoamperometric measurements is proportional to the fractal parameter as: I(t) t - [16, 17] . Similarly, the peak current recorded in cyclic voltammogram is dependent on the scan rate as: I p [18, 19] . The fractal parameter can be simply transformed to the fractal dimension by the equation = (D f -1)/2 [17] . Thus, the fractal dimension can be calculated by plotting the peak current of different cyclic voltammograms as a function of scan rate, or the diffusion-limited current versus time in logarithmic scales. In other words, slopes of such logarithmic plots are equal to the fractal parameter . Typical curves for the roughest Pd electrode, which was subject of severe plastic deformation due to phase transformation in PdH 0.6 , are illustrated in Fig. 1 .
By similar procedures, the fractal dimensions of different Pd electrodes were estimated ( Table   1 ). The results indicate that the fractal dimension is proportional to the degree of plastic deformation induced, since the value of fractal dimension is higher for the Pd electrodes subjected to stronger plastic deformations. Therefore, the fractal dimension of the electrode surface can be used as a quantitative measure of the plastic deformation induced, but only in a comparative study. It is obvious that the standard deviation of the values calculated is lesser
Elsevier R e v i e w C o p y 8 than that reported in [7] . This is due to the fact that the redox system at gold surface has a more ideal behavior in comparison with Pd surface. This is indeed another evidence for efficiency of the approach proposed.
The reliability of the results is not questionable, since the Pd electrodes act as conventional
Au electrodes due to the Au uniform masks on them. Analysis of the results shows possibility of the approach employed to inspect the plastic deformation induced to the Pd electrodes. The fractal dimension estimated for the Pd electrode subjected to only electrochemical treatment is an acceptable value for such metallic electrodes. The value reported for the Pd electrode subjected to severe plastic deformation due to strong phase transition suggests a strongly rough surface, which is indeed what expected. The results obviously indicate that the plastic deformation can lead to the formation of significantly rougher surfaces with about 0.3 higher fractal dimension (under the experimental conditions of the present study).
Examining the reliability of the method
According to the recent achievements, fractal analysis is an efficient tool in electrode to monitor the structure of electrode surfaces. Even, it has been recently reported that fractal analysis can be used for study of electrochemical processes, as every reaction has a specified fractal dimension [20] . In any case, it has been emphasized that fractal dimension is just a number and without physical significance it is useless. Thus, fractal analysis is generally applicable for comparative studies. In this direction, it is very important to assure that the experiments performed at different conditions are actually the same.
Although, reliability of neither the gold-masking approach nor the fractal analysis is doubtful, there is still an important open issue that whether the fractal analysis of the Pd surface reflects the plastic deformation induced. It is obvious that plastic deformation is accompanied by surface changes; however, the influence of other effects should also be investigated. Since,
R e v i e w C o p y
9 the system under investigation is accompanied by complicated electrochemical processes at the electrode surface, it is of importance to assure that the fractality is exclusively (or mainly) due to the plastic deformation induced as a result of phase transformation, not simple surface processes. For instance, the formation of metal oxide on the electrode surface, as addressed in [7] , seems to be a source of roughness of the electrode surface.
Pyun and his co-workers [7] have used an excessively anodic potential to assure about complete extraction of hydrogen from Pd, since the presence of even small amount of hydrogen could participate in the redox couple employed for the fractal analysis, which might be a source of error. Fortunately, this obligation is not applicable for the approach proposed here, since the Pd electrode is not directly in contact with the Fe(CN) 6 3-/Fe(CN) 6 4-redox couple. In fact, this is another advantage of the gold-masking approach. Therefore, the extraction process can be performed by applying lesser anodic potentials. Incompleteness of the extraction process leading to the existence of a tiny amount of hydrogen is not problematic, as the plastic deformation occurs at high content of hydrogen, and small amount of hydrogen is purely in -PdH phase without any phase transformation.
The results obtained from the experimental measurements (Table 2) indicate that the fractal dimension of the Pd electrode discharged at lesser anodic potentials is slightly lower, probably due to the non-existence of metal oxide film. However, this difference is not significant, indicating that even the existence of oxide films is not responsible for the generation of such rough surfaces.
On the other hand, different processes occurring in the course of hydrogen desorption may be responsible for the formation of such rough surfaces of discharged Pd electrodes. It is known that hydrogen desorption from Pd is accompanied by several processes [21] :
( ) The plastic deformation is due to the phase transformation occurring at the first process. The other processes are highly dependent on the experimental conditions employed for discharging. Since, the mechanism of hydrogen desorption is influenced by electrochemical changes induced by varying the potential scan rate, it is useful to compare the surface structures of the Pd electrodes discharged potentiodynamically at different potential scan rates. The results are reported in Table 3 . This indicates significance of the first process.
Estimating the fractality scale
In addition to fractal dimension, inner and outer cutoffs the fractal surface can be estimated by means of the electrochemical methods. In fact, inner and outer cutoffs indicate the boundaries of fractality scale, since it is known from the concept of fractal geometry that fractal objects have not fractal structure in all length scales [15] . Thus, it is useful to estimate the scale of fractality for better understanding of the fractal structure of the surface. This is also of interest for comparative study of similar surface, such as the case under investigation.
As the diffusion layer acts as a yardstick length, the length scale relevant for the peak current can be estimated by calculating diffusion layer at the time when the current reaches its maximum value (i peak ). According to the Fick's first law, the diffusion-limited current is proportional to the magnitude of the concentration gradient of the electroactive species at the electrode surface. Consequently, the diffusion layer width is:
where z is the number of electrons transferred per electroactive species in the redox reaction, The inner cutoff, which indeed indicates the lower boundary of the fractality scale, can be estimated when the diffusion layer has its smallest thickness. This state corresponding to the experiments performed with fastest rate, thus, the inner cutoff can be calculated by incorporating the peak current recorded at the highest scan rate in Eq. (2) . Similarly, the outer cutoff, which reflects the upper boundary of the fractality scale, can be calculated by using the lowest scan rate. The results obtained by this approach are summarized in Table 4 . It is obvious that the scale of fractality scale is also dependent on the strength of the plastic deformation induced.
It should be emphasized that the values reported for inner and outer cutoffs of the electrode surfaces are not exactly corresponding to the real fractality scale of the electrode surface. In fact, the inner and outer cutoffs estimated correspond to the smallest and largest scales sensed in our experiments. It should be taken into account that methodology limitation does not allow for an extensive investigation over all length scales. For instance, cyclic voltammetric measurements cannot be performed for such investigation with very low or high scan rates due to the methodology limitation. However, this limitation does not provide problem for our purpose, which is a comparative study. In other words, the difference of the fractality scales of various electrode surfaces under investigation indicates the structural changes induced to the electrode surface during the plastic deformation.
The data reported in Table 4 obviously indicate that the plastic deformation induced to the Pd electrode causes the decrease of the inner cutoff. This suggests that for the Pd electrode subjected to severe plastic deformation, smaller rough structures were formed on the surface.
On the other hand, since the outer cutoff is also increased as a result of the plastic deformation (Table 4) , it leads to conclusion that the plastic deformation is able to increase the fractality Knowing this issue is of great importance in this context, which provides further opportunities for monitoring the plastic deformation induced.
Conclusion
For an object subjected to severe plastic deformation, fractal dimension can be used for quantitative analysis of surfaces to inspect the plastic deformation induced. However, due to sensitivity of the structure formed as a result of plastic deformation, it is very important to use an appropriate method for the determination of the fractal dimension, since the interesting structures generated as a result of plastic deformation may be missed. Gold masking is a simple and efficient approach to avoid possible errors, since after Au covering, the object is considered as a conventional electrode. The available electrochemical methods for Au surfaces are the most reliable cases. The present study was typically performed for the plastic deformation induced by phase transformation in the course of hydrogen injection/extraction into/from Pd; however, the method can be generally used for the investigation of plastic deformations leading to surface changes. The novelty of the present work is not due to study of phase transformation-induced plastic deformation and the gold-masking approach for fractal analysis, since both of them have been previously reported in the literature. The aim is to report an appropriate strategy based on available approaches for such investigations. As (with a roughness factor lesser than 2).
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[b] A polished Pd electrode, which was not subject of potentiostatic electrochemical treatment.
[c] The notations are related to the pre-charged states. All four electrodes were subject of potentiostatic condition to extract hydrogen. 
